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Introduction {#sec001}
============

The prevalence of cancer has steadily increased throughout the past decades \[[@pone.0142928.ref001]\]. While current therapies are effective at various levels, many of these treatments are also nonspecific with respect to their mechanism of action. This in turn increases the undesirable outcomes experienced by treated patients; harsh side effects and low rates of effectiveness are some of the many reasons why more specific treatments in oncology have been sought. Among these efforts, natural products\[[@pone.0142928.ref002]\] have been studied extensively in hopes of identifying new molecular entities with antineoplastic properties. Of these natural products, flavonoids, one class of polyphenolic compounds found in plants, have been shown to exert antineoplastic \[[@pone.0142928.ref003]--[@pone.0142928.ref009]\] properties, as well as antioxidant \[[@pone.0142928.ref010], [@pone.0142928.ref011]\], anti-inflammatory \[[@pone.0142928.ref012]\], antimicrobial \[[@pone.0142928.ref013]\] and antiviral \[[@pone.0142928.ref014], [@pone.0142928.ref015]\] activities.

For the past five years our research has focused on plants from the Andean mountains largely known as *vira viras*. These plants have been utilized by the native people of this region for medicinal purposes such as in the treatment of cancer, as reported in various ethnobotanical studies \[[@pone.0142928.ref016], [@pone.0142928.ref017]\]. They belong to the family *Asteraceae*, genera *Gnaphalium*, *Achyrocline*, and *Gamochaeta*. Our focus with respect to vira vira plants has been placed on *Gnaphalium elegans* and *Achyrocline bogotensis* from which two active compounds were isolated, 5,7-dihydroxy 3,6,8-trimethoxy-2-phenyl-4H-chromen-4-one (5,7-dihydroxy-3,6,8-trimethoxyflavone or flavone A) \[[@pone.0142928.ref018]\], and 3,5-dihydroxy-6,7,8-trimethoxy-2- phenyl-4H-chromen-4-one (3,5-dihydroxy-6,7,8-trimethoxyflavone or flavone B) respectively \[[@pone.0142928.ref019]\]. It has been proposed in our previous work that these two flavone isomers may be relevant to the antineoplastic activities of these plants \[[@pone.0142928.ref020]\]. Indeed, flavones A and B demonstrated cytotoxic activity against cell lines derived from colon, pancreas, breast, and prostate cancers that have been categorized as being highly tumorigenic, with the most promising results on cancers of the colon and pancreas. High levels of expression of aldehyde dehydrogenase (ALDH) is regarded as a very specific marker used in the detection of cancer-initiating cells as subpopulations in tumors, and has been demonstrated specifically in the cell lines studied \[[@pone.0142928.ref021]--[@pone.0142928.ref023]\]. Among these highly tumorigenic cell lines, the two flavone isomers show preferential antineoplastic activity on cells with dissimilar differentiation status. Flavone A induced apoptosis in the better differentiated cell lines, but not on the poorly differentiated cell lines, while flavone B was shown to be active against poorly differentiated, but not against the better differentiated cells. Moreover, these two flavone isomers do not induce apoptosis in normal cells and display significantly less apoptotic activity in less tumorigenic cell lines \[[@pone.0142928.ref020]\].

It is known that mitochondrial management of apoptosis can be controlled through the activity of survival factors, such as growth factors or cytokines, via extracellular receptors activating cascades of protein events that eventually lead to Caspase-3 cleavage. These pathways were probed by investigating the effects of the two flavone isomers on extracellular signal-regulated kinases (ERK), protein kinase B (AKT), S6 ribosomal protein (S6), and Bcl-2 associated death promoter (BAD). The preferential induction of apoptosis on highly tumorigenic cells with dissimilar differentiation status by flavone A and flavone B, two structurally similar compounds, suggest the activation of different cellular pathways by each compound. This study shows that flavone A exerts its cytotoxic effect on better differentiated cancer cells via an intrinsic apoptotic pathway whereas flavone B bypasses the mitochondrial pathway to induce apoptosis via an extrinsic pathway in poorly differentiated cancer cells.

Materials and Methods {#sec002}
=====================

Extraction, Purification, and Identification of Flavones {#sec003}
--------------------------------------------------------

The flavones were obtained as described before \[[@pone.0142928.ref020]\]. Briefly, flavone A was purified from 1.5 kg of *G*. *elegans* dried flowers extracted with CHCl~3~. The extract was concentrated by dry vacuum, dissolved in methanol, and filtered to eliminate fats and hydrocarbons. It was then concentrated and dissolved in C~6~H~6~ followed by silica gel chromatography using C~6~H~6~:Me~2~CO (19:1) as eluent. From this, 50 mg of the flavonoid was purified from fractions 12 through 18 by crystallizations in hexane. The compound was identified by its physical and spectroscopic properties as 5,7 dihydroxy-3,6,8 trimethoxyflavone, mp 170 171C, 1H NMR (300MHz) 3.86 (3H,s), 3.97 (3H,s), 4.20 (3H,s), 7.50 7.6 (3H,m), 8.08 8.16 (2H,m). Flavone B was purified from 200 g of fresh leaves of *A*. *bogotensis*. The leaves were submerged in CHCl~3~ for 20 minutes and then filtered, concentrated, and dissolved in hot methanol. In order to eliminate fats and hydrocarbons, the cold extract was filtered and concentrated again. The resulting solid was then dissolved in hot hexane and successive recrystallizations in hexane produced 100 mg of purified flavonoid. The compound was identified by its physical and spectroscopic properties as 3,5-dihydroxy-6,7,8-trimethoxyflavone, mp 149 150C, 1H NMR (300MHz) 3.86 (3H,s), 3.97 (3H,s), 3.99 (3H,s), 4.12 (3H,s), 7.30 7.45 (3H,m), 8.70 8.82 (3H,m), 11.46 (1H,s).

### Cell Lines and Culture Conditions {#sec004}

Colon (CaCo-2, HCT116) and pancreatic (MIA PaCa-2) cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, VA) and were grown according to ATCC instructions. The Panc28 cell line was a gift from Dr. Paul Chiao (University of Texas M.D. Anderson Cancer Center, Houston, TX), and was grown in the same manner as pancreatic cell line MIA Paca-2. The cells were grown in media supplemented with 10% serum (Gibco, Grand Island, NY) and penicillin/streptomycin (Hyclone, Logan, UT). All cells were seeded and allowed to reach 75% confluency before treatment with flavone A, B, or vehicle (dimethyl sulfoxide) at a final maximum concentration of 0.27% in the treated wells (Sigma Aldrich, St Louis, MO).

Apoptosis Detection by Fluorescence Microscopy {#sec005}
----------------------------------------------

Apoptosis was detected using the Annexin V-FITC kit from Abcam (Cambridge, MA) according to manufacturer instructions. Briefly, cells were seeded at a density of 4-5x10^4^/well on 12-mm round coverslips (Fisher Scientific, Pittsburgh, PA), allowed to reach 75% confluence, and treated with either vehicle, Flavone A, or Flavone B at a concentration of 40 μM. Six hours after dosing, the cells were incubated in binding buffer and FITC-conjugated Annexin V for five minutes in the dark. The cells were then fixed with 2% p-formaldehyde and images were obtained using an EVOS fluorescence microscope (AMG, Bothell, WA).

Cell Cycle and Apoptosis Analysis by Flow Cytometry {#sec006}
---------------------------------------------------

Cells grown on six well plates, were treated with either dissolution vehicle, flavone A, or flavone B. After nine hours of incubation, the cells were lifted from the plate with trypsin, and assayed for quantitation of apoptosis and cell cycle distributions using an Annexin V-FITC kit from Abcam (Cambridge, MA) according to the manufacturer instructions. Briefly, the cells were suspended in binding buffer and Annexin V-FITC and propidium iodide were added, followed by a 5 minute incubation in the dark. Cell count was obtained using BD Accuri C6 flow cytometer (BD Biosciences, San Jose, CA) and analyzed with CFLOW Plus (BD Biosciences).

Antibodies and Reagents {#sec007}
-----------------------

The mechanism of action was assessed using antibodies against ERK2 from Santa Cruz (Dallas TX), AKT from Millipore (Billerica, MA), c-JUN and BAD from Cell Signaling (Beverly, MA), phosphorylated c-JUN (T91/93) from Abcam (Cambridge, MA), phosphorylated c-JUN (S63/73), the phosphorylated forms of ERK, S6 ribosomal protein (91B2), and BAD, from Cell Signaling, phosphorylated AKT S473 from Millipore, BH3-interacting domain death agonist (Bid) from R&D Systems (Minneapolis, MN), inactive and active forms of caspase 3 from Santa Cruz and R&D Systems, caspase 8 and caspase 10 from MBL (Woburn, MA), and caspase 9 from Cell Signaling, and α-tubulin and β-actin from Sigma (St. Louis, MO). All secondary antibodies were affinity purified with no cross-reactivity with other species. Peroxidase-conjugated secondary antibodies were obtained from Pierce (Rockford, IL), Promega (Madison, WI), and Jackson ImmunoResarch (West Grove, PA). Alexa Fluor 488 and 594-conjugated secondary antibodies (Molecular Probes, Eugene, OR) were used as specified by the manufacturer. Tamoxifen used to obtain a positive control signal for the phosphorylation analysis of c-JUN was from Sigma.

PAGE and Immunoblot {#sec008}
-------------------

Treated cells were lysed with lysis buffer which consisted of 20 mM imidazole, 100 mM KCl, 1mM MgCl~2~, 10mM EGTA, 0.2% Triton X-100, phosphatase, and protease inhibitors (Sigma Aldrich). Protein concentration of cell lysates was measured spectrophotometrically (Cary 50; Varian, Palo Alto, CA) using a protein assay from Cytoskeleton (Denver, CO, USA). The samples were run in SDS-PAGE and then blotted onto nitrocellulose or PVDF sheets. The signal of the primary monoclonal or polyclonal antibodies was detected using secondary affinity-purified goat anti-mouse or anti-rabbit immunoglobulins coupled to peroxidase and a chemiluminescent system (Pierce; Grand Island, NY) and exposed on x-ray film (Kodak; Rochester, NY). The intensity of the bands was estimated by digitizing the image (J- Image) from x-ray film. After subtracting the background, all band intensities were compared against control.

Immunofluorescence {#sec009}
------------------

Immunofluorescence was carried out as described before \[[@pone.0142928.ref024]\]. Briefly, cells were fixed with 3% p-formaldehyde for 20 min at room temperature. After rinsing, the cells were permeabilized with 0.2% Triton X-100 for 5 min or 0.1% saponin throughout the procedure. Permeabilization was followed by quenching of the aldehyde groups in 50 mM NH~4~Cl. Cells were then incubated with primary antibody diluted in 1% BSA, for 1 hour at room temperature. After washes and incubation with secondary antibody, the cells were mounted in 10% polyvinyl alcohol, 30% glycerol, 1% n-propyl gallate, and Slow Fade (Molecular Probes, Invitrogen) at a dilution of 5:1. Fluorescence images were obtained using an EVOS fluorescence microscope (AMG, Bothell, WA).

Results {#sec010}
=======

Flavone A and Flavone B induce apoptosis and a cell cycle shift {#sec011}
---------------------------------------------------------------

Our previous data suggest that flavones A and B cause DNA fragmentation on better and poorly differentiated cells respectively \[[@pone.0142928.ref020]\]. Annexin V assays were conducted to confirm the induction of apoptosis on tumorigenic cells status after dosing with the flavones. Apoptosis was detected 6 hours after pancreatic cancer Panc-28 ([Fig 1A](#pone.0142928.g001){ref-type="fig"}) and colon cancer Caco-2 ([Fig 1B](#pone.0142928.g001){ref-type="fig"}) cells were dosed with 40 μM of flavone A. In the same manner, apoptosis was detected 6 hours after pancreatic cancer MIA Paca-2 ([Fig 1C](#pone.0142928.g001){ref-type="fig"}) and colon cancer HCT116 cells ([Fig 1D](#pone.0142928.g001){ref-type="fig"}) were dosed with 40 μM of flavone B. To quantify the apoptotic changes induced by the flavones, cells dosed with the vehicle or flavone, were analyzed 6, 9 and 12 hours after treatment via flow cytometry using Annexin V/ propidium iodide. At 9 hours, Panc 28 cells treated with flavone A had 2.9 fold increase in apoptosis ([Fig 2A and 2C](#pone.0142928.g002){ref-type="fig"}). Similarly, at 9 hours, HCT 116 cells treated with flavone B had a 2.3 fold increase in apoptosis ([Fig 2B and 2C](#pone.0142928.g002){ref-type="fig"}).

![Annexin V assay.\
Apoptotic effect of flavone A at a concentration of 40 μM, on the more differentiated pancreatic Panc28 and colon CaCo 2 cancer cells (Fig 1A and 1B), as determined by Annexin V assay (green channel) six hours after treatment. Dapi (blue channel) is used to locate the nuclei of the cells. Cells treated with vehicle only (DMSO at a final concentration of 0.27%) served as a control. Activation of apoptosis on the poorly differentiated pancreatic MIA PaCa and colon HCT116 cancer cells (Figs 1C and 1D) by flavone B at a concentration of 40 μM, as determined by Annexin V assay (green channel) six hours after treatment. Control conditions are the same as described above and Dapi was used to locate nuclei.](pone.0142928.g001){#pone.0142928.g001}

![Annexin V-FITC and propidium iodide flow cytometry.\
A. Apoptosis was detected using Annexin V-FITC and propidium iodide in Panc 28 cells treated with 40 μM flavone A, 9 hours after treatment. B. Detection of apoptosis in HCT 116 cells treated with 40 μM flavone B, 9 hours after treatment. C. Bar graph representation of apoptosis in Panc 28 and HCT 116 cells treated with flavone A and B respectively. D-E. Cell cycle determination using propidium iodide in Panc 28 cells treated 40 μM flavone A. F-G. Cell cycle determination in HCT 116 cells treated with 40 μM flavone B.](pone.0142928.g002){#pone.0142928.g002}

To test whether treatment with flavone A or flavone B had an effect on cell cycle distributions, flow cytometry assays using propidium iodide were performed. Better differentiated pancreatic cells Panc 28 cells were treated with flavone A ([Fig 2D and 2E](#pone.0142928.g002){ref-type="fig"}). After 9 hours, a shift from the G0/G1 to the S and G2 phases is clearly seen. Poorly differentiated colon cancer cells HCT 116 were treated with flavone B. A similar shift from G0/G1 phase to S and G2 phases is apparent 9 hours after treatment ([Fig 2F and 2G](#pone.0142928.g002){ref-type="fig"}).

Flavone A has an inhibitory effect on phosphorylated ERK and S6, but has no effect on AKT or c-JUN in better differentiated Panc28 and CaCo-2 cancer cells {#sec012}
----------------------------------------------------------------------------------------------------------------------------------------------------------

In order to determine the mechanism responsible for the cytotoxic effect on better differentiated cancer cells observed after treatment with flavone A, proliferative, survival, and apoptotic signaling pathways were examined. Colon cancer CaCo-2 and pancreatic cancer Panc28 cells were dosed with 40 μM of flavone A and levels of activated AKT, ERK, S6, and c-JUN were analyzed. As shown in [Fig 3A and 3C](#pone.0142928.g003){ref-type="fig"}, dosing Panc 28 cells with flavone A induced a mean reduction of the phosphorylated form of ERK to 64.27% (51.84%--74.83%; p = 0.0029) and of pS6 to 52.58% (37.90%--62.50%; p = 0.012) as compared to the control. In CaCo-2 cells, the mean reduction of phosphorylated ERK by flavone A was to 42.58% (25.38%--55.64%; p = 0.0031), and 57.99% (43.84%--77.36%; p = 0.0138) for pS6, as compared to the control. No change was observed in the expression levels of the unphosphosphorylated proteins analyzed ([Fig 3A](#pone.0142928.g003){ref-type="fig"}). These immunoblot results were confirmed by immunofluorescence. Phosphorylated ERK results in CaCo-2 cells are shown in [Fig 3E](#pone.0142928.g003){ref-type="fig"}. Furthermore, the activated forms of AKT at serine 473 and c-JUN at serine 73, were also studied as these proteins regulate both cell survival and stress-induced apoptosis respectively. Neither of these demonstrated significant changes in Panc-28 and CaCo-2 cell lines ([Fig 3A and 3C](#pone.0142928.g003){ref-type="fig"}).

![Comparison of the effect of flavone A and flavone B on proliferative, and survival pathways.\
A and B: Detection of the activated and unphosphorylated forms of ERK, c-JUN, S6, AKT by immunoblot of total SDS extracts. Better differentiated Panc28 and CaCo 2 cells were treated with 40μM of flavone A (+A), and poorly differentiated MIA PaCa and HCT116 cells with flavone B (+B), or DMSO (-) the dissolution vehicle. After lysis and SDS-PAGE, membranes were probed with the indicated antibody. The membranes were reprobed for actin as a loading control, and a representative image is provided. The results shown are representative of three independent experiments. C and D: For quantification (graphs) the band densities from the treated/untreated conditions identified by (+) or (-), were normalized and calculated as percentages of the value for the untreated cells (100%), and shown averages ± standard deviations from three independent experiments (\*p\<0.05). E and F: Detection of phosphorylated ERK after treatment of CaCo 2 cells with flavone A and HCT116 cells with flavone B by immunofluorescence.](pone.0142928.g003){#pone.0142928.g003}

Increased expression of the phosphor-c-JUN (S73) and ERK were observed after treatment of poorly differentiated MIA PaCa and HCT116 cancer cells with Flavone B {#sec013}
---------------------------------------------------------------------------------------------------------------------------------------------------------------

A mean increase to 190.19% of activated ERK in pancreatic cancer MIA PaCa cells (175.32%--204.08%; p = 0.0036; n = 3), and 160.23% in colon cancer HCT116 cells (144.99%--174.22%; p = 0.012; n = 3) were observed after treatment with flavone B ([Fig 3B and 3D](#pone.0142928.g003){ref-type="fig"}) as compared to controls. No change was observed in the expression levels of the unphosphosphorylated proteins analyzed ([Fig 3B](#pone.0142928.g003){ref-type="fig"}). These immunoblot results were confirmed by fluorescence microscopy and the phosphorylated ERK results are shown for HCT-116 cells ([Fig 3F](#pone.0142928.g003){ref-type="fig"}). Also observed were increased levels of the phosphorylated form of c-JUN (S73) in MIA PaCa at 170.83% from the control levels (162.27%--181.90%; p = 0.0008; n = 3), and in HCT116 at 271.34% (222.95%--312.93%; p = 0.0028; n = 3) as shown in [Fig 3B and 3D](#pone.0142928.g003){ref-type="fig"}.

Flavone B has dissimilar effects on pS6 in MIA PaCa and HCT116 cells, but has no effect on phosphorylated AKT {#sec014}
-------------------------------------------------------------------------------------------------------------

After treatment of MIA PaCa cells with flavone B, the mean levels of pS6 are decreased to 51.68% (19.95%--77.77%; p = 0.0237; n = 3) versus control as seen in [Fig 3D](#pone.0142928.g003){ref-type="fig"}. Conversely, after treatment of HCT116 cells, an increase of 149.88% (136.54--170.22; p = 0.0116; n = 3) is observed, as compared to the controls. The expression levels of phosphoserine 473 AKT, were unchanged after treatment of MIA PaCa and HCT116 cells with flavone B as shown in [Fig 3B and 3D](#pone.0142928.g003){ref-type="fig"}.

Flavone A modulates BAD phosphorylation at serine 112 but not flavone B {#sec015}
-----------------------------------------------------------------------

To further investigate the differences of cellular effect of flavone A and flavone B, the phosphorylation status of BAD at serine 112 was studied. Cell lines Panc-28 and CaCo-2 dosed with flavone A exhibit a decline in phosphorylated BAD at serine 112 ([Fig 4A](#pone.0142928.g004){ref-type="fig"}). This reduction had a mean of 35.91% (34.21%--37.61%; p = 0.006; n = 3) in Panc-28, and 57.03% (42.12%--71.62%; p = 0.0068; n = 3) in CaCo-2 cells ([Fig 4C](#pone.0142928.g004){ref-type="fig"}). These observations were confirmed via immunofluorescence for Panc-28 as shown in [Fig 4E](#pone.0142928.g004){ref-type="fig"}. Conversely, dosing MIA PaCa-2 and HCT116 tumorigenic cells with 40 μM of flavone B produced no significant change in the total amount of phosphorylated BAD at serine 112 as shown by western blot ([Fig 4B and 4D](#pone.0142928.g004){ref-type="fig"}) and immunofluorescence for MIA Paca-2 ([Fig 4F](#pone.0142928.g004){ref-type="fig"}). While there is no significant change observed in the expression levels of unphosphorylated BAD in better differentiated cells ([Fig 4A](#pone.0142928.g004){ref-type="fig"}), a slight increase is observed in the poorly differentiated cells ([Fig 4B](#pone.0142928.g004){ref-type="fig"}).

![Analysis of downstream effector BAD after treatment with flavone A and flavone B.\
A and B: Detection of the loss of phosphorylation of BAD by immunoblot of total SDS extracts. Better differentiated Panc 28 and CaCo 2 cells were treated with 40μM of flavone A (+A), and poorly differentiated MIA PaCa and HCT116 cells with flavone B (+B), or DMSO (-) the dissolution vehicle. After lysis and SDS-PAGE, membranes were probed with an antibody specific to BAD phosphorylated at serine 112 or the unphosphorylated protein. The membranes were reprobed for actin as a loading control. The results shown are representative of three independent experiments. C and D: For quantification (graphs) the band densities from the treated/untreated conditions identified by (+) or (-), were normalized and calculated as percentages of the value for the untreated cells (100%), and shown averages ± standard deviations from three independent experiments (\*p\<0.05). E and F: Detection of phosphorylated BAD at serine 112 (red channel), after treatment of Panc 28 cells with flavone A and MIA PaCa cells with flavone B by immunofluorescence. Dapi (blue channel) was used to locate the nuclei.](pone.0142928.g004){#pone.0142928.g004}

Flavone A may induce apoptosis via caspase 9 {#sec016}
--------------------------------------------

To determine whether caspase 9 participates in the apoptotic cascade initiated by flavone A, CaCo-2 and Panc28 cells were dosed and analyzed by SDS PAGE followed by immunoblot for the presence of cleaved fragments of 37 and 17 kDa with an antibody capable of detecting the activated caspase. [Fig 5A](#pone.0142928.g005){ref-type="fig"} shows a representative immunoblot of CaCo-2, and [Fig 5B](#pone.0142928.g005){ref-type="fig"} for Panc28 cells of lysates taken at different time points after dosing with flavone A. Both cell lines display the large fragments, 37 and 35 kDa, detected by the antibody ([Fig 5A and 5B](#pone.0142928.g005){ref-type="fig"}). The 37 kDa fragment is apparent in the control (cells dosed with vehicle) suggesting deregulation of the protein in these cell lines. However, a progressive reduction in the level of expression of procaspase 9 (47kDa) is evident starting 3 hours after dosing.

![Analysis of caspase 9 after treatment with flavone A.\
Detection of activated caspase 9 by immunoblot of SDS extracts of A. CaCo 2 and B. Panc 28 cells 1.5, 3, 6, 9 and 12 hours (lanes 2--6) after treatment with flavone A or vehicle (DMSO) for the control (C, lane 1) and SDS-PAGE. The membranes were probed with an antibody capable of detecting both the procaspase (47 kDa) and the large fragments resultant after activation (37 and 35 kDa). The membranes were reprobed for actin or tubulin as a loading control. The results shown are representative of three independent experiments. The membranes were reprobed for actin or tubulin as a loading control. The results shown are representative of three independent experiments.](pone.0142928.g005){#pone.0142928.g005}

Flavone B neither phosphorylate c-JUN at threonines 91 and 93 nor activate caspases 8 and 10 in HCT 116 or MIA PaCa cells {#sec017}
-------------------------------------------------------------------------------------------------------------------------

To confirm flavone B activation of the apoptotic program via the extrinsic pathway without the involvement of the intrinsic pathway, we studied phosphorylation forms of c-JUN relevant to the engagement of the mitochondria via the cleavage of caspase 8 \[[@pone.0142928.ref025], [@pone.0142928.ref026]\]. HCT 116 and MIA PaCa cells dosed with flavone B do not show activation of c-JUN on threonines 91 and 93 as shown in [Fig 6A](#pone.0142928.g006){ref-type="fig"} via immunofluorescence in HCT 116 cells. Breast cancer SKBR3 cells dosed with tamoxifen, a positive control for this activation \[[@pone.0142928.ref027]\], were processed in the same manner as described above ([Fig 6B](#pone.0142928.g006){ref-type="fig"}). This result was confirmed by immunoblot as shown in [Fig 6C](#pone.0142928.g006){ref-type="fig"}. Examination of the activation status of caspases 8 and 10 in these cells after treatment with flavone B showed no cleavage of this protein in either the HCT 116 or the MIA PaCa cells. This is evident by the presence of the uncleaved caspases at different time points spanning from 1.5--12 hours. Representative immunoblots of time course experiments for caspases 8 and 10 in HCT 116 cells are shown in [Fig 6D and 6E](#pone.0142928.g006){ref-type="fig"} respectively.

![Analysis of c-JUN phosphorylation of threonines 91/93 and caspase 8 after treatment with 40 μM flavone B.\
A and B. Immunofluorescence of treated cells show expression of phospho-c-JUN (T91/T93) in SKBR3 cells (green channel) but not on HCT116 cells. Dapi (blue channel) was used to localize the nuclei. C. Immunoblot of phospho-c-JUN (T91/T93) using SDS extracts of poorly differentiated HCT116 cells treated with 40μM of flavone B (+B), or the dissolution vehicle DMSO (-). SDS lysates from SKBR3 cells treated with 10μM tamoxifen (+) were used as a positive control. After SDS-PAGE, nitrocellulose membranes were probed with an antibody specific to this phosphorylated form. D. Detection of caspase 8 by immunoblot of SDS lysates of HCT116 cells 1.5, 3, 6, 9 and 12 hours (lanes 2--6) after treatment with flavone B or vehicle (DMSO) for the control (C, lane 1) and SDS-PAGE. The membranes were probed with an antibody capable of detecting both the procaspase (54/55 kDa) and the fragments resultant after activation (43 and 18 kDa). The membranes were reprobed for actin or tubulin as a loading control. The results shown are representative of three independent experiments.](pone.0142928.g006){#pone.0142928.g006}

Discussion {#sec018}
==========

We had previously shown the differential antineoplastic effects of flavones A and B on cancers cells of the breast (MCF7, SKBR3), colon (CaCo-2, HCT116), pancreas (Panc 28, MIA PaCa), and prostate (LnCaP, PC3) with dissimilar differentiation status. The flavones were extracted from *G*. *elegans* and *A*. *bogotensis*, plants with like medicinal properties that are thus used indistinctively according to ethnobotanical studies. However, the flavones are not exclusive to these species. Flavone A has been found in *Ainsliaea henryi* \[[@pone.0142928.ref028]\] and in *Helichrysum decumbens \[[@pone.0142928.ref029]\]* while Flavone B has been isolated from *Helichrysum graveolens* \[[@pone.0142928.ref030]\], as well as *Helichrysum odoratissimum* \[[@pone.0142928.ref031]\], and *Helichrysum compactum* \[[@pone.0142928.ref032]\]. Flavones A and B demonstrated a significant cytotoxic effect against highly tumorigenic cell lines, while sparing normal epithelial cells. Specifically, flavone A demonstrated high cytotoxicity against the more differentiated Panc28 and CaCo-2 cells, while flavone B showed a preference for poorly differentiated MIA PaCa, HCT 116, and SKBR3 cells \[[@pone.0142928.ref020]\]. Cell doubling time, and the presence of specific differentiation and polarity markers are used to determine cellular differentiation status. Among the cells we tested, Panc28 has been previously described as poorly differentiated mainly due to the absence of polarity markers present in other pancreatic cell lines such as Capan-1, despite the fact that it has a fairly long cell doubling time. However, it is the general consensus that Panc 28 cells have a higher differentiation status than MIA PACa cells \[[@pone.0142928.ref033]\], and our results suggest that the flavones may be sensitive to this difference. To better understand the mechanism by which the apoptotic program is initiated by flavones A and B in their target cells, we assessed the effect of each flavone on key extrinsic and intrinsic apoptotic pathway proteins, such as ERK, pS6, AKT, BAD, and c-JUN in their activated forms.

Our results suggest that Flavone A may induce apoptosis in better differentiated pancreatic and colon cancer cells, via the mitochondrial intrinsic pathway. This is evident by the decrease in phosphorylated ERK and S6 and subsequent loss of activated BAD. Phosphorylation keeps BAD in the cytoplasm, and its loss results in binding and inactivation of the survival proteins Bcl-xL or Bcl-2 after crossing the mitochondrial membrane \[[@pone.0142928.ref034]\] thereby activating apoptosis. A significant decrease of phosphorylated BAD at serine 112 is observed in pancreatic cancer Panc 28 and colon cancer CaCo-2 cells after treatment with flavone A. The activation of BAD at serine 112 is mediated by the MAPK pathway, specifically via the activation of Ras-Raf-ERK \[[@pone.0142928.ref035]\]. Thus, the inhibition of phosphorylated ERK and S6 observed after treatment with flavone A, could be upstream of the loss of activated BAD at serine 112 and the subsequent initiation of apoptosis via the disruption of mitochondrial membrane integrity and the release of cytochrome c and other apoptotic factors. These events may lead to the activation of caspase 9 and effector caspases. However, caspases are highly deregulated in cancer through various mutations or loss of expression\[[@pone.0142928.ref036]\]. In the case of caspase 9, these are uncommon, and it is the abrogation of post mitochondrial functional activities that favor tumor progression\[[@pone.0142928.ref037]\]. This may be the case in our caspase 9 results, where activated caspase is present in control and treated cells, which may suggest loss of apoptotic function. It is important to note that impaired mitochondrial integrity can trigger a default caspase 9-independent program of cell death\[[@pone.0142928.ref038]\]. Whether apoptosis is occurring independently of caspase 9 activity or by the creation of a favorable ratio of active vs inactive caspase, as seen in our results, we present evidence that support the activation of an intrinsic pathway. Additionally, our results also show that neither AKT nor c-JUN are involved in the proposed mechanism of action for Flavone A.

Conversely, flavone B induces apoptosis in poorly differentiated cancer cells of the pancreas and the colon via an extrinsic pathway. Our results show concomitant upregulation of the activated forms of ERK and c-JUN after treatment of these cells with Flavone B. Previous studies have demonstrated that the activation of ERK and c-JUN regulate the transcriptional activity of activator protein 1 (AP-1), and subsequently lead the cell to apoptotic death \[[@pone.0142928.ref039]\]. Essential to the formation of the AP-1 transcription factor in this apoptotic mechanism is the phosphorylation of c-JUN at threonines 91 and 93 \[[@pone.0142928.ref027], [@pone.0142928.ref040]\]. We have shown in this study that this activation is not present after dosing the cells with flavone B, supporting the activation of apoptosis without the involvement of AP-1. Besides contributing to the onset of apoptosis, the upregulation of phosphorylated ERK is likely to support the presence of BAD in the cytoplasm, via its sustained activation at serine 112, as shown in our results. It is also possible that the anti-apoptotic function of phosphorylated BAD involves activation at a different site, such as serine 136. However, this activation is mediated via AKT\[[@pone.0142928.ref041]\], a protein that remained unchanged in our analysis of the mechanism of action of Flavone B. Alternatively, caspase 8 could provide crosstalk \[[@pone.0142928.ref025]\] between the extrinsic and the intrinsic pathways by engaging the mitochondria, and eliciting a pro-apoptotic response via the release of cytochrome C. However, no change was observed on the status of caspase 8 in these cells after treatment with Flavone B, thus no fragments were detected ([Fig 5D](#pone.0142928.g005){ref-type="fig"}). Caspase 8 is recognized as the predominant initiator caspase in the extrinsic pathway. Caspase 10 has also been associated with the extrinsic pathway, but its mechanisms of activation are still not completely elucidated. Since a recent report has shown that caspase 10 was also able to engage the mitochondria\[[@pone.0142928.ref042]\], we tested caspase 10 in the same manner as caspase 8 and obtained similar results after treatment with flavone B. We have also found dissimilar effects on these cell lines for the expression levels of S6 which is thought to be involved in protein translation and cell proliferation. Thus, this data may indicate downregulation of protein expression in MIA PaCa cells and an increase in HCT 116 cells. Since flavone B ultimately causes inhibition of cellular viability on both cell lines, this effect may be related to specific cell type, as the cells respond to the interaction with the flavone.

All together, these results provide evidence of the signaling involved in the preferential cytotoxic activities of these isomers. Not only are the underlying mechanism and targets different, but the type of pathways by which the two flavones induce apoptosis vary as well. This may allude to the possible benefits of combining flavone A and flavone B for increased effectiveness and may hold a key to a novel treatment or treatment target in cancer therapy. We have previously reported the EC50 of flavone A and flavone B to be 51.76 and 33.18 μM against pancreatic cancers, and 12.42 and 74.82 μM against colon cancers respectively\[[@pone.0142928.ref020]\]. Similar in vitro experiments using currently used chemotherapy drugs for these malignancies, report concentrations ranges of 0.05--9μM for gemcitabine \[[@pone.0142928.ref043], [@pone.0142928.ref044]\] and 5--50 μM for 5-fluorouracil \[[@pone.0142928.ref045]\]. It is important to note that the mechanisms by which these drugs inhibit cell viability are quite different and translate into longer time points to allow detection of loss of cell viability. Both chemotherapy drugs induce DNA damage, and suppression of viability is apparent 48--72 hours after dosing. The flavones however, inhibit cell survival within 24 hours. It is possible that the mechanisms of these two types of drugs could work together to enhance effectiveness against these malignancies.

While these results suggest that the two flavones in this study effectively initiate apoptosis in these tumorigenic cells, the chemical properties of these two isomers dictate preferential interactions of these compounds with proteins within the cell; thus, more studies are warranted to completely elucidate these relationships.

Supporting Information {#sec019}
======================

###### Molecular structures of flavones A and B.

A. Flavone A was identified by its physical and spectroscopic properties as 5,7 dihydroxy-3,6,8 trimethoxyflavone. B. Flavone B was identified by its physical and spectroscopic properties as 3,5-dihydroxy-6,7,8-trimethoxyflavone.

(TIF)

###### 

Click here for additional data file.
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